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NUCLEAR THERMODYNAMICS OF HEAVIEST ELEMENTS. I1 
Bruce M. Foreman, Jr. and Glenn T. Seaborg 
Radiation Laboratory and Department of Chemistry 
Universi ty of California,  Berkeley, Cal i fornia  
ABSTRACT 
The masses of  the  isotopes of the  heavies t  elements have been ca lcu la ted  
from known decay data  i n  the region, extended by means of decay energies c a l -  
culated from closed decay-energy cycles and estimated from the systematics of 
alpha and be ta  decay energies.  The absolute values of the masses a re  based on 
208 the mass-spectrometrically determined mass of Pb and a few measured neutron 
binding energies. The h a l f - l i f e  systematics of alpha decay and spontaneous 
f i s s i on  a r e  a l so  presented, and some predic t ions  of the proper t ies  of as yet  
undiscovered nuclides a re  made. 
NLJCLEAFk 7XERIWDYNAMTCS OF THE HEAVIEST ELEMENTS, I1 
Bruce M, Foreman, Jr . and Glenn T. Seaborg 
Radiation Laboratory and Department of Chemistry 
Universi ty of California,  Berkeley, California 
J a n u a r y  1958  
A t a b l e  of i sotopic  masses i s  useful  i n  calcula t ing the energy re leased 
o r  absorbeci i n  nuclear zeactions and f o r  searching fo r  systematic trends which 
may produce some ins igk t  i n to  nuclear s t r u a t w e .  This paper presents such a 
t ab le  fw  the  t rms tba l l ium region along with measured, calculated,  e s t i -  
mated decay energies  and nucleon binding energies. A s - m a r y  of the energy 
=3. h s l f - l i f e  systemat5cs of the r ad i cac t ;~?  decay of the  heaviest elements i s  
a h  2 iac lude do 
Although- ccmpfPations of t h i s  type have been published previously, 1,2 
su f f i c i en t  new da ta  are  avatlable t o  make E t  advisable t o  recalculate the masses 
of the keavfest  Isotopes, Tk;is paper i s  based on data published or  otherwise 
-r- available t o  the  authows up t~ Decznber: J., , e 
11" DECAY ENERGZS 
A ,  Closed Cycles 
The transtkrall.i_um region i s  u n i q u e  Ir, t h a t  t h e  general occw-rence of 
alpha decay ~ L ~ ! T S  one t o  construct  d o s e e  dezay-energy cycles contain5 ng two 
aip*Qa-decay energies and two beta-aeeay energies. As an example, the  cycle 3 
LT235 - ~ p * ' ~  i s  given i n  Fig. I. We ibserve t h a t  NpZ3' can decay t o  I! 2356 
by two pa t r s .  Z t  can decay t c  ~u~~~ by emLtting a bete  p a r t i c l e  of 0.73 Mev. 
235 The ~u~~~ then tlecsys t o  U by emitzing a 5 .24-~ev alpha par t i c le .  Alterna- 
t i ve ly ,  em elpha-decay t o  h235j which can then decay t o  E~~~ by emit- 
239 t m g  a P , @ - M ~ V  be ta  p a r t i c l e ,  The p z t i a l  be ta  h a l f - l i f e  of Np i s  so 
s h ~ r t  h a t  the  alpha decay has not been observed, We can calculate the  alpha - 
5ecay energy, however, since t a e  t o t a l  energy re leased i n  the  two a l t e rna t ive  
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(NOT KNOWN 
EXPERIMENTALLY) 
u 235 a 5.24 a 6.16 c m243 
Fig.  1. Closed cycle u ~ ~ ~ - N ~ ~ ~ ~ - C ~ ~ ~ ~ .  Decay energies i n  Mev. 
0.00 CALC. 
(NOT KNOWN 
EXPERIMENTALLY) 
I 
4.57 CALC. ~p~~~ ~15.43 A m243 
P- 
1.40 
P- 
0.7 3 
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processes must be the same. Thus we obtain 4 
Q (IVpe3') = 0.73 + 5.24 - 1.40 = 4.57 Mev. 
a 
From the other cycle i n  Fig. 1 the 
e lec t ron-capture  decay energy of Cm 243 i s  r ead i ly  calculated t o  be 0.00. 
This means t h a t  neu t r a l  atoms of Cm243 and Am 243 have the same mass within 
the  p rec i s ion  of the  data  used i n  the cycles. 
These cycles can be extended by adding neighboring cycles u n t i l  the 
e n t i r e  t rans thal l ium region i s  covered. However, s ince the  cycles connect 
only  nucl ides  d i f f e r i ng  i n  mass number by four, there  w i l l  be four such s e t s  
of c losed  cycles,  corresponding t o  the  mass types 4n, 4n+l, 4n+2, and 4n-t3. 
The complete s e t s  of cycles, containing a l l  measured, calculated,  and e s t i -  
mated decay energies i n  the  t rans thal l ium region, are  given i n  Figs. 2 t o  5. 
I n  these  f igures  the existence of isomers i s  denoted by the  symbol t o  In  
general ,  decay energies associa ted with the  ground-state isomer have been 
used i n  t h e  cycles.  Exceptions a re  discussed i n  Appendix 111. 
B . Energy Systematics 
Alpha Decay. The r e g u l a r i t i e s  i n  alpha-decay energy systematics are 
we l l  known5 and are  be s t  shown i n  a p l o t  of alpha-disintegration energy versus 
mass number, such as  appears i n  Fig. 6. One of the most s t r i k ing  features  of 
t h i s  graph i s  the  regular  decrease i n  decay energy with increasing mass number 
f o r  t he  isotopes of a given element, Two prominent exceptions t o  t h i s  ru le  
a r e  ev iden t .  These a re  the  l a rge  d i scon t inu i ty  corresponding t o  the  126- 
neutron closed s h e l l  and t he  smaller i r r e g u l a r i t y  associated with the postu- 
6 l a t e d  c losed subshel l  a t  152 neutrons. The 152-neutron i r r e g u l a r i t y  has been 
observed i n  the  curves f o r  the elements berkelium through fermium. The curves 
f o r  t he  o ther  elements have been drawn with approximately the same shape, w i t h  
the  e f f e c t  diminishing f o r  the  heavier  elements, A s l i g h t  d ip  i s  apparent i n  
the  curves f o r  uranium, plutonium, and curium a t  145 neutrons. This dip has 
been included i n  the  est imated curves f o r  other elements, a l so  diminishing 
f o r  heavier  elements. 
The estimated alpha-decay energies appearing i n  Figs. 2 t o  5 were 
taken from t h i s  p l o t  by in te rpo la t ion  o r  extrapolat ion,  Some of the points  
f o r  t he  elements above fermium were obtained by extrapolat ing l i n e s  of constant  
neutron number. 


CLOSED CYCLES - 4n + 2 SERIES 
\ 
Fig. 4, Closed decay energy cycles for  t he  4n+2 se r ies :  Ns superscr ip t ,  measured 
energy; c, calculated;  cn, ca lcula ted with neutron binding energies;  e ,  
estimated; ce, ca lcula ted f m m  a cycle containing est imated energies;  
( ), uncertain by more than about 0 .1  Mev; t, isomers. 
3.80'" 
~ ~ 2 0 7 ~ ~ 2 1 1  
1 5.98 1 
CLOSED CYCLES - 4n + 3 SERIES 
Fig. 5 .  Closed decay energy cycles f o r  the  4n+3 s e r i e s :  No supersc r ip t ,  measured 
energy; c,  calculated;  en, ca lcula ted with neutron binding energies,  e ,  
estimated; ce, ca lcula ted f r ~ m  a cycle containing est imated energies; 
( ) , uncertain by more than about 0.1 Mev; t, isomers. 
Fig .  6 .  Alpha decay energies  f o r  t h e  t r ans - l ead  nuclides a s  a function of mass 
number: 0 , experimental energy; a , calcula ted;  * , estimated; 
a , c a l c u l a t e d  from a cycle conta in ing est imated energies;  ? , t o t a l  
decay energy i n  quest ion.  
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Beta Decay, Beta decay energies have been p lo t t ed  versus mass number 
i n  ~ i g s ' .  7 and 8. Many values ca lcula ted from closed cycles containing known 
be t a  decay energies and measured, ca lcula ted,  or  estimated alpha decay energies 
a r e  included. Lines of constant atomic number Z have been drawn as wel l  as 
l i n e s  of constant  i sotopic  number (I = A - 2 ~ ) .  Some of the  be t a  decay energies 
i n  Figs ,  2 t o  5 have been estimated by in te rpo la t ing  o r  ext rapola t ing on these 
l i n e s ,  It has not  seemed feas ib le  t o  extend t h i s  treatment below 126 neutrons. 
.. 111. MASSES AND BINDING ENERGIES 
Although the  closed cycles f i x  the  r e l a t i v e  energies and hence masses 
of a l l  nucl ides  belonging t o  a given mass type, i n  order t o  determine the ab- 
so lu te  masses it i s  necessary e i t h e r  t o  know the absolute mass of one nuclide 
of each type o r  t o  have some way of r e l a t i n g  the four mass types. I n  the l a t -  
t e r  case it i s  s u f f i c i e n t  t o  know the absolute mass of only one nuclide r a the r -  
than four ,  and the  four mass types can be r e l a t ed  by neutron binding energies. 
The most precise  mass measurements are  those obtained by mass spectrom- 
e t r y .  Even these ,  however, are  r a r e l y  more precise than 0.001 mass un i t  i n  
the heavy region.  Neutron binding energies,  on the  other  hand, have been 
measwed t o  a precis ion ~f 0.03 Mev, corresponding t o  0,00003 mass u n i t ,  Hence 
it seems advisable t o  adopt one measured mass as a standard and t o  ca lcula te  
a l l  the  o thers  r e l a t i v e  t o  the  mass of the  standard nuclide.  
208 The nuclide chosen f o r  t h i s  purpose was Pb , but  use was made of the  
other  measured masses i n  the  heavy region i n  the  following manner: By means of 
the c losed cycles and measured neutron binding energies we have obtained the 
208 
mass d i f fe rence  between Pb and other  nuclides i n  the  heavy region whose 
208 
masses have been measured. The mass of Pb was then calcula ted from each of 
these  measurements and an  average was taken. The measured masses and mass d i f  - 
ferences used f o r  t h i s  ca lcula t ion a re  l i s t e d  i n  Table 1. The adopted value 
208 f o r  t he  mass of Pb and other aux i l i a ry  quan t i t i e s  used i n  ca lcu la t ing  the 
masses and binding energies appear i n  Table 2. 
Neutron and proton binding energies i n  the thallium-polonium region 
other  than the  measured ones were calcula ted with the a i d  of a s e t  of closed 
UCRL-8015 Rev. 
MASS NUMBER (A) MU-14236 
Fig. 7. Beta decay energies f o r  t h e  even-mass trans-mercury nuclides a s  a 
function of mass number: 9 , experimental energy; , calcula ted;  
, estimated; A , calcula ted from a cycle containing est imated 
energies . 
UCRL -8015 Rev . 
Fig. 8. Beta decay energies f o r  the odd-mass trans-mercury nuclides a s  a 
funct ion of mass number: 0 , experimental energy; , calcula ted;  
, estimated; , calcula ted from a cycle containing est imated 
energies.  
Table 1 
Measurements used i n  calcula t ing mass of Pb 208 
Nuclide Measured mass Ref. Mass differencea pb208 mass calc.  
20 
a.  Difference between t he  mass of the  nuclide i n  question and t ha t  of Pb ', 
as calcula ted from the  closed cycles.  
Table 2 
208 Adoptedmass - - of - -  Pb a n d a u x i l i a r y q u a n t i t i e s  
1. Masses: pbZo8 = 208.04140 
2. Neutron binding energies : 
~ 1 ~ ~ ~ - ~ ~ ~  = 6 020 Mev 
,,204-205 
= 7.48 
,205 -206 
= 6.54 
pbZ05-206 = 8.16 
pb206 -207 
= 6.73 
,207-208 
= 7.38 
Pb208-209 = 3.87 
Bi  208-zog = 7*44 
3. 1 atomic mass u n i t  = 931,14 Mev 10 
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cycles offla d i f f e r e n t  kind, shown i n  Fig. 9. These binding energy cycles i n -  
clude nuclides of a l l  mass types, so many d i f f e r en t  kinds of cycles can be 
closed on a diagram of t h i s  type, involving alpha and be ta  decay energies and 
neutron and proton binding energies.  These complicated cycles were used pr in-  
c i p a l l y  f o r  ca lcu la t ing  neutron and proton binding energies in  the region shown, 
although a few decay energies i n  t h i s  region were calcula ted with t h e i r  a id .  
The masses of most of the  nuclides with Z - > 84 were calculated on the 
IBM Type 650 Data Processing Machine of the Universi ty of California Radiation 
Laboratory, using da t a  from the closed cycles. The neutron and proton binding 
energies of these  nucl ides  were calcula ted on the  same machine from mass d i f -  
ferences.  The neutron and proton binding energies of these few nuclides with 
Z > 84 whose masses were not ca lcula ted on the  IBM 650 were calculated with the  
a i d  of closed cycles  s imi lar  t o  those shown i n  Fig.  9. 
Table 3 contains the  masses and binding energies throughout the region 
covered by t h i s  paper, The binding energies l i s t e d  are  those of the l a s t  
neutron o r  proton of the  nuclide i n  question. 
The neutron and proton binding energies are  shown graphically i n  Figs. 
10 and 11. 
IV. HALF-LIFE SYSTEMATICS OF ALPHA AM) BETA DECAY 
I n  planning experiments t o  discover new isotopes,  it i s  e s s en t i a l  t o  
make a t  l e a s t  rough est imates of the  hal f  . . l ives involved. A knowledge of hal f  - 
l i f e  systematics i s  a l s o  he lp fu l  i n  assigning the  mass of a new isotope.  I t  i s  
la rge ly  f o r  these p r a c t i c a l  reasons and f o r  the  purpose of making predict ions 
i n  a l a t e r  sect ion t h a t  t h i s  section on hal f  - l i f e  systematics i s  included. 
A. Alpha Half -Lif e Systematics 
Alpha ha l f - l i ve s  are  qui te  wel l  cor re la ted  through the use of quantum 
mechanical b a r r i e r  penetra t ion theory. However, f o r  our purposes, it i s  e a s i e r  
and probably more accurate t o  use a semi-empirical treatment ra the r  than t o  
make use of the  equations a r i s i n g  from the  b a r r i e r  penetrat ion theory. 
Fig. 9. Binding energy cycles f o r  the  T1-Po regl.cn. Neutron binding 
energies are  on the  hor izon ta l  l ines ;  proton binding energies 
on the  v e r t i c a l  l ines ;  decay energies on t he  diagonal arrows. 
Decay energy notation: No superscr ipt ,  measured energy; c ,  
calculated;  cn, ca lcula ted with neutron binding energies;  e ,  
estimated; ce, ca lcula ted from a cycle containing est imated 
energies; ( ) , uncertain by more than about 0 .1  Mev. Measured 
binding energies a r e  underlined; a l l  o thers  a re  calcula ted.  
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Table 3 
Masses and r,eutron and r'roton ::inding 2nergies of the ;:eaviest e,lements 
Element Mass B ( G V )  B~ ( Mev ) 
n 
(6.89) 
(7.53) 
6.20 (meas) 
7.48 (meas) 
6.54 (meas) 
4.79 
3.84 
4.93 
3.76 
4.69 
(3.60) 
6.64 
8.16 (meas) 
6.73 (meas) 
7.38 (meas) 
3.87 (meas) 
5.23 
3.77 
5.19 
3 94 
4.90 
3.24 
7.11 
8.07 
6.80 
7.44 (meas) 
4.69 
a 
.Reference mass 
Table 13.. (cont'd. ) 
Element Mass B~ (M~Y) B ( ~ e v )  
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Table 3 (cont'd.) 
Element Mass B~ ( ~ e v )  B ( ~ e v )  P 
86 212,05669 4.31 
Em ( 213.05989) (5.38) (4.60) 
(214.06215) (6.26) (5.11) 
215.06565 (5.1-1) 5 09 
216.06752 6.62 5.84 
217.07158 4.58 5.83 
218.07354 6.54 6.44 
219.07778 4.42 6.30 
220.07995 6.34 7.23 
221.08413 4.47 (7.35) 
222,08670 5.97 (7.74) 
223.09134 4.05 (7.56) 
(224.09411) (5.79) 
87 217.072 45 2.99 
Fr 218.07544 5.58 3 99 
219.07751 6.44 3.88 
220.08089 5.22 4-69 
221.08311 6. 29 4.64 
222.08678 4.95 5.12 
223.08929 6.03 5.17 
224.09335 4.58 5-71 
(225.09590) (5.99) (5.91) 
( 226.09989 ) (4.65) 
88 ( 218.07517 ) 5.05 
R a  219.07828 (5.48) 4.94 
220.07952 7.20 5.71 
221.08279 5.32 5.81 
222.08458 6.70 6.22 
223.08806 5.13 6.39 
224.09003 6.52 6.89 
225.09373 4.92 7-23 
226.09580 6.44 (7.681 
Table 3 (cont'd.) 
Element Mass B& B ( ~ e v )  
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Table 3 ( c o n t g d . )  
Element Mass Bn ( M e V )  3 ( ~ e v )  
-- 
P 
9 1  225.09646 2.68 
Table 3 (cont 'd.)  
Element Mass B ( ~ e v )  
P 
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Table 3 (cont'd.) 
Element Mass Bn ( ~ 4  B (Mev) 
Table 3 (cont'd.) 
Element Mass B ( ~ e v )  P 
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Table 3 (cont'd.) 
Element Mass Bn ( ~ 4  B ( ~ e v )  
P 
Table 3 (cont'd.) 
Element Mas s B ( ~ e v )  
P 
Table 3 (cont'd.) 
Element Mass B ( ~ e v )  
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Table 3 ( con t sd . )  
Element Mas s B ( ~ e v )  P 
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Table 3 (con t 'd )  
Element Mass Bn (MeV) B ( ~ e v )  
P 
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200 210 220 230 240 250 260 270 
MASS NUMBER (A) MU-14238 
Fig. 10. neutron binding energies  f o r  the  trans-mercury nuclides as  a funct ion 
of mass number: I) , measured energy used i n  ca lcula t ions;  0 , 
measured energy not  used i n  calculat ion;  , calcula ted energy. 
UCRL-8015 Rev 
MASS NUMBER (A) MU-14239 
Pig. 11. Calculated proton binding energies fo r  the trans-mercury nuclides 
as a function of mass number. 
For t h i s  purpose, l e t  us define a few terms. The e f fec t ive  alpha 
decay energy Q i s  given by: 
e f f  
Qeff = Qa + @sc (1) 
where a E s c  i s  the o r b i t a l  e lec t ron  screening correction and i s  @Ten1' by: 
n E ~ ~  = 65.3 z7I2 - 80 z 
5/2 ( 2  > 
where nE i s  i n  e.v. and Z i s  the  atomic number of the decaying nucleus. 
S C 
Gallagher and ~asmussen'l show tha t  i f  the logarithm of the  p a r t i a l  
ground s t a t e  alpha h a l f - l i f e  i s  p lo t ted  versus Q e f f  , a family of s t r a igk t  
l i n e s  i s  obtained f o r  even-even nuclides,  one f o r  each element, i n  accordance 
with the  equation: 
Values of AZ and BZ 
-112 
"g10 '1/2)a = Qe f f  t- BZ 
fo r  even Z are  given i n  Table 4. 
Table 4 
a Semi-empirical constants from corre la t ion 
of ground s t a t e  decay r a t e s  of even-even nuclides 
z A Z B z 
a Constants f o r  use i n  Eq, 3, w i t h b  i n  seconds and Q i n  Mev. 
eff  
Values f o r  Z > 98 were obtained by extrapolation.  
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Aleas t - squares  f i t  t o  the  values of P. a n d B  f o r  8 6 < ~ < 9 8 g i v e s  the  f o l -  
Z z - - 
lowing two equations : 12 
A = 1~33582 z + 22,7969, 
Z ( 4 )  
B = -0,060143 z - 47.3599. 
Z ( 5 )  
I n  Fig. 12 we have plot ted the logarithm of the  p a r t i a l  hal f  l i f e  f o r  
the  ground-state alpha t r ans i t i on  versus Qa f o r  even-even alpha emitters.  The 
curves are calcula ted from Eq, ( 3 ) ,  using the  constants given i n  Table 4, The 
constants f o r  elements 100, 102, and 104 were obtained from Eys. (4 )  and ( 5 ) .  
The p a r t i a l  alpha ha l f  l i ve s  of undiscovered nuclides can be estimated 
from Fig. 1 2  o r  Eq, (3) .  For nuclides with Z odd or  Z > 98, the  constants f o r  
use with Eq, (3)  must be obtained from Eqs. (4 )  and ( 5 ) ,  For nuclides with 
unpaired nucleons, est imated hindrance fac tors  must be used. 
B . Beta Half -Life Systematics 
Beta ha l f  l i v e s  a re  g rea t ly  dependent on the  nuclear spectroscopic s t a t e s  
of the  parent and daughter nuclei ,  It i s  not  the  purpose of t h i s  paper t o  cover 
such de ta i l ed  considerations.  Paper I contains p lo t s  of the logarithm of the  
electron-capture o r  beta-minus half  l i v e s  versus the  logarithm of the  decay 
energy f o r  nuclides,  These can be used f o r  making very rough estimates 
of b e t a  hal f  l i v e s ,  
V, SPONTANEOUS -FISSION SYSTEMATICS 
The systematics of spontaneous-fissicn ha l f  l i v e s  i s  of i n t e r e s t  not 
only f o r  predic t ive  purposes, but a l so  f o r  more fundamental reasons. The 
dependence of spontaneous-fission ha l f  l i v e s  on nuclear parameters such as Z, 
2 A, N, Z /A, e t c , ,  can be very helpful  i n  e lucidat ing the  mechanism of f i s s i on  
and providing information about nuclear s t ruc ture .  
References t o  t he  older work on spontaneous-fission sy~ tema~ t i c s  can be 
found i n  Paper I. 
2 
swiatecki13 found t h a t  i f  log (tl,2)SF i s  p lo t ted  versus Z /A, the 
deviation from a s t r a i g h t  l i n e  exhibl ts  a corre la t ion with the  deviation of 
the  mass from a smooth mass surface defined by a semi -empirical mass equation. 
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Fig. 12. P a r t i a l  ha l f  l i v e s  f o r  the  ground s t a t e  alpha t r an s i t i ons  of even-even 
nuclides as  a function of t h e i r  alpha decay energies.  
He found, f o r  even-even nuclides, 
where k 2 5, 6 M = experimental mass - mass from mass eq,. ( i n  millimass un i t s )  
2 
and f ( Z  /A)  i s  a smooth function such t h a t  if log ( t  ) + k6M i s  plotted 
2 112 SF 
versus Z /A, t h e  resu l t ing  curves a re  almost s t r a igh t  l i n e s  f o r  each of the 
three  mass types, even-even, odd-A, a id  odd-odd, 
Swiatecki has a l so  considered the energy difference between a smooth 
saddle-point energy swface  (as  a function of Z and N )  and the ac tua l  ground- 
l4a - 
s t a t e  masses. ?Chis difference gives the po ten t ia l  ba r r i e r  f o r  f i s s i on  f o r  
any p a r t i c u l a r  nuclide. The spontaneous-fission r a t e  appears t o  increase by 
7 a f ac to r  of about 10 f o r  each Mev decrease i n  the f i s s i on  ba r r i e r .  Thus it 
i s  poss ible  t h a t  the spontaneous-fission r a t e  of a nuclide of unknown mass 
can be used t o  determine the  distance of i t s  point on the  saddle-point surface 
above i t s  point  on the ground-state surface, and hence can be used t o  determine 
i t s  mass with high s e n s i t i v i t y  if t h e  saddle-point surface i s  known or i s  as-  
14b 
sumed t o  be smooth. Swiatecki has already pointed out t h a t  the mass of 
Fm256 repor ted i n  t h i s  paper i s  somewhat lower than one would expect from the 
above considerations.  
~ k i o r s o l ~  has p lo t ted  the logarithm of the spontaneous f i s s i on  half 
l i f e  f o r  even-even nuclides versus neutron number and pointed out t h a t  the 
maximum ha l f  l i f e  f o r  a given element occurs a t  about N = 152 f o r  the heaviest  
elements and t h a t  the logarithm of t he  half  l i f e  f o r  N > 152  decreases appro::- 
imately l i n e a r l y  with N f o r  each element. It i s  in te res t ing  t o  note t ha t  these  
l i n e s  a l l  have the  same slope f o r  N > 152 and t ha t  i f  the  data are plot ted 
versus mass number ins tead of neutron number a l l  these l i n e s  coincide so t h a t  
the  spontaneous f i s s i on  half  l i f e  appears t o  depend only on the  mass number, 
Pig. 13 i s  a p l o t  of the logarithm of the  spontaneous-fission half  l i f e  versus 
the  mass number. 
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MASS NUMBER (A) 
MU-14241 
Fig. 13. P a r t i a l  spontaneous f i s s i o n  half - l ives  as a function of mass number: 
0 , even-even nuclide; A , even-odd nuclide; , odd-even 
nuclide; a , odd-odd nuclide. 
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PREDICT1 ONS 
From the  systematics given i n  the e a r l i e r  p a r t s  of t h i s  paper and 
from the be t a  h a l f - l i f e  p lo t s  i n  Paper I, the decay energies and ha l f - l ives  of 
T 
a number of as ye t  undiscovered nuclides have been estimated. These are  given 
i n  Table 5. The hal f  l i v e s  i n  t h i s  t ab le  f o r  nuclides containing unpaired 
nucleons should be considered lower l im i t s .  
To the  ha l f - l i ve s  of the  odd nucleon alpha emi t t e r s  i n  t h i s  table  
one should apply an e f fec t ive  hindrance fac to r , ' de f ined  as the r a t i o  of 
o v e r a l l  alpha ha l f  l i f e  f o r  the nuclide t o  t h a t  obtained from Eq. 3 f o r  the 
same ground-state t r a n s i t i o n  energy and atomic number. The values which should 
be used with Table 5 f o r  the  e f f ec t i ve  hindrance f ac to r  a re  about 5 f o r  odd- 
even, 10 f o r  even-odd, and 13 f o r  odd-odd nuclides, found by taking a geometric 
mean of the  known e f fec t ive  hindrance fac to rs  f o r  each type. 
The mean spontaneous f i s s i o n  hindrance f ac to r s  f o r  Table 5 were found 
graphf c a l l y  from a p lo t  s imi la r  t o  Fig. 13 and a r e  4 x 10' for  odd-mass and 
6 10 f o r  odd-odd nuclides,  
Wheeler,16 basing h i s  argument on the broad features  of alpha decay 
2 theory and the  Z /A cor re la t ion  of spontaneous f i s s i o n  ha l f  l ives ,  predic ts  
-4 
even-even nuclides with ha l f  l i v e s  g rea te r  than 10 second f o r  nuclides with 
atomic number up t o  about 150 and mass number up t o  about 600, No such pos- 
s i b i l i t y  i s  apparent i n  the  systematics presented i n  t h i s  paper, 
One source of the  disagreementhseelhs t o  l i e  i n  Wheeler's neglect  of 
Z the  very  pronounced deviat ions which many nuclides show from the Z /A cor-  
r e l a t i o n .  These deviat ions a r e  of such a nature t h a t  heavier isotopes of an 
element have shor te r  spontaneous f i s s i o n  hal f  l i v e s  r a t h e r  than longer. This 
means t h a t  the  isotopes of a given element with maximum spontaneous f i s s i on  
half' l i f e  w i l l  have lower mass numbers than whose considered by Wheeler. 
I n  addi t ion,  Wheeler used a mass eyuation17 which gives alpha decay 
energies about 1 Mev lower than the  experimental values i n  the region of 
fermium. The discrepancy i s  probably worse f o r  higher values of Z. Thus 
a lpha decay ha l f  l i v e s  w i l l  general ly  be shor te r  than those calculated by 
Wheeler. The a lpha ha l f  l i v e s  w i l l  a l s o  be shor te r  because of the necess i ty ,  
mentioned i n  the  preceding paragraph, of considering l i g h t e r  isotopes. 
UCRL-8015 Rev. 
Estimated nuclear decay proper t ies  of undiscovered nuclides 
(~11 half  l i v e s  are  unhindered values ) 
Nuclide ~ ~ ( ~ e v ) '  t a: Q . ( ~ e v )  t B- $ C ( ~ e v )  tl,&3C tl/2SF tlj2 
1 1 2  B 1/2 
( t o t a l )  
Since alpha decay and spontaneous f i s s i on  a re  l i k e l y  t o  be the only 
l im i t i ng  modes of decay f o r  these very heavy elements, we are forced t o  con- 
clude t h a t  the  heavies t  nuclides obtainable with ha l f  l i v e s  long enough t o  
be s tud ied  i n  t h e  laboratory w i l l  be mmh l i g h t e r  than those predicted by 
Wheeler. 
We deeply appreciate several  he lp fu l  discussions w i t h  Drs. Donald 
Stromfnger, Jack M, Hollander, Frank Asaro, and Frank S. Stephens, Jr., r e g a r d i ? ~ ~  
s e l ec t i on  of da t a  t o  be used i n  the  cycles. We g r a t e fu l l y  acknowledge 
s t imulat ing discussions with D r .  W.  J. Swiatecki concerning spontaneous f i s -  
s ion  systematics and with Charles J. Gallagher, Jr., concerning alpha hal f  
l i f e  systematics.  We wish t o  thank several  members of the s t a f f  and graduate 
s tudents  a t  the  Univers i ty  of Cal i fornia  Radiation Laboratory fo r  communicating 
t h e i r  experimental r e s u l t s  p r i o r  t o  publicat ion.  
This work was performed under the auspices of the U. S. Atomic Energy 
Commission. 
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APPENDIX I. SOURCES OF DATA 
Many of the  da t a  on alpha18 and beta19 dis integrat ion energies were 
taken from recent review a r t i c l e s .  Other da ta  not appearing i n  these arti- 
c l e s  or  i n  the  Table of isotopesZo a r e  l i s t e d  i n  Table 6. 
Table 6 
New Decay Data 
Nuclide Mode of Decay Q (MeV) 12 Ref. 
T1208 
~1~~~ 
Pb214 
8i205 
B i  206 
~i~~~ 
212 B i ,  
214 B i '  
Po 211 
Emzo8 
FP 223 
R a  225 
Ra 228 
Ac 226 
A c 227 
q3231 
Th232 
Th234 
Pa 228 
Pa 229 
Pa 230 
Pa 231 
Pa 233 
Pa234 (uz) 
Table 6 (con t ' d . )  
Nuc l i d e  Mode of Decay Q ( ~ 4  t l / 2  R e f .  
,237 B - 0.517 
-43 - UCRL - 801 5 ~ e v  
APPENDIX 11. NEUTRON BINDING ENERGIES 
The neutron binding energies adopted fo r  the calcula t ion of the masses 
were general ly  averages of measwed values, The measured binding energies a r e  
given i n  Table 7, along with the corresponding adopted values. 
Table 7 
Measured and adopted neutron binding energies 
Lower Limit Upper Limit 
Nuclides B_ (Mev) Reaction Ref. Bn (Mev) Reaction Ref, Adopted 
8 - - 3  
a, Calculated, t h i s  paper. 
b,  See Appendix 111. 
@. Measured value o r  average of measured values a d o r n .  
APPENDIX 111. EXPLANATORY NOTES 
I n  some cases, the  choice of data  f o r  the cycles i s  not completely 
straightforward.  I n  t h i s  sect ion we w i l l  discuss some of the individual  cycles ,  
decay energies,  and binding energies and w i l l  discuss the  reasons f o r  some of 
our choices. 
QQ 
U C 
Thallium neutron binding energi%s,  Following Fr i t sch ,  we have i n t e r -  
206 
changed the  repor ted neutron binding e n ~ r g i e s  of T1204 and T I  . This i n t e r -  
change has three  important r e su l t s :  the  ca lcula ted e lec t ron  decay energy of 
pb205 i s  much more reasonable, the neutron binding energies of the thallium 
and lead  isotopes show a more systematic trend,  and the  calcula ted alpha decay 
energy of 8i209 i s  much c lose r  t o  the  reported experimental r e su l t s .  18 
~ t ~ ~ ~ - ~ r n ~ ~ ~ ~  I f  the  alpha decay energy of Atz1' i s  estimated t o  be 
exac t l y  halfway between t he  values f o r  ~t ' l l  amd ~ t " ~ ,  the e lec t ron  capture 
decay energy of i s  ca lcula ted t o  be 0 .01 Mev. Since there i s  no experi-  
212 
mental evidence f o r  the  e lec t ron  capture s t a b i l i t y  o r  i n s t a b i l i t y  of Em , we 
- 
est imated the energy di f ference between EmZ1' and ~t~~~ t o  be 0.00. 
~ p ~ ~ ~ .  The 22-hr isomer i s  included i n  the  cycles.  Since there are 
no da t a  regarding the  energy of t r an s i t i ons  t o  or  from the  5000-yr isomer, 
the re  i s  no information as  t o  which i s  the ground s t a t e .  
U240-Np240e The beta-decay energy of  0.47 Mev f o r  i s  calculated 
from the  known 0,36 Mev decay energy t o  the metastable s t a t e  and 0.11 Mev 
exc i t a t i on  energy of tha. t  s t a t e .  
241 237 Pu -Np cycle. The Pu241-Np237 cycle cannot be closed using the 
2 41 
repor tedl8  alpha decay energy of 5.121 Mev f o r  Pu . Since t h i s  i s  an even- 
- - 
241 
odd nuclide and s ince  Am has been very thoroughly s tudied we must regard 
the  alpha decay eneygy of PuZ4' as the l e a s t  wel l  determined of the  four 
energfes i n  the cycle .  
~a~~~~ paa3' has been reported t o  emit 0.4 Mev positrons,39 but it 
i s  not possible t o  f i t  the r e su l t i ng  e lect ron capture decay energy of 1 , 4  Mev 
i n t o  the  cycles. The negatron decay energy of 0.405 Mev has been b e t t e r  
determined,39 so  it has been used i n  the  cycles. 
E254. - The accuracy of the  energy data  on the  decay of the isomers 
of E254 i s  such t h a t  the  decayenergks of the  two isomers are within experi- 
mental e r r o r  of each other.  We have included the  alpha decay energy of the 
320-day isomer i n  the  cycles,  
h?r\ 
~ m ~ ~ ~ - ~ k ~ ~ ~  and c ~ ~ ~ ~ - B B ~ ~ ~ .  If the alpha decay energies of C3n247 and 
emL3" a re  estimated, the  negatron decay energies of these isotopes are  calcu- 
l a t e d  t o  be very close t o  zero. Since no experimental evidence i s  available 
a s  t o  the be t a  s t a b i l i t y  of these  nuclides, we have estimated the negatron 
decay energy t o  be zero i n  each case and calculated the alpha decay energies, 
227 ,251, and 
nr.. 
u ~ ~ ~ ,  F I I I ~ ~ ~  and ~ r n ~ ~ ~ .  The alpha decay energies of U 
Fm"' deviate from the systematic behavior shown by the  alpha decay energies 
of the  other  isotopes of the  same elements. Since these a re  even-odd nuclides,  
it i s possible t h a t  the  observed alpha energies do not represent ground s t a t e  
t r ans i t i ons .  Therefore the  observed energies were not used i n  the  cycles,  
~ c ~ ~ ~ - ~ a ~ ~ ~  cycle. The ~ c ~ ~ ~ - ~ a ~ ~ ~  cycle, with energy values ca r r ied  
t o  four decimal places,  i s  shown i n  Fig, 14, Note t h a t  the  calculated 
negatron decay energy of ~r~~~ agrees qui te  wel l  with the  measured value 19 
of 1.15 Mev, Since we car ry  only two decimal places, we rounded of f  the 
negatron decay energy of 8cZz7 t o  0.04 ins tead of 0.05. By doing t h i s ,  we 
were able t o  make maximum use of the  available experimental data. ( cf . Fig. 5 , 
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Fig.  14. Closed cycle ~ c ~ ~ ~ - ~ a ~ ~ ~ .  Energies i n  Mev, same nota t ion as  
Figs .  2-5. 
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